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ABSTRACT The release and transfer of zinc from metal-
lothionein (MT) to zinc-depleted sorbitol dehydrogenase (EC
1.1.1.14) in vitro has been used to explore the role of MT in
cellular zinc distribution. A 1:1 molar ratio of MT to sorbitol
dehydrogenase is required for full reactivation, indicating that
only one of the seven zinc atoms of MT is transferred in this
process. Reduced glutathione (GSH) and glutathione disul-
fide (GSSG) are critical modulators of both the rate of zinc
transfer and the ultimate number of zinc atoms transferred.
GSSG increases the rate of zinc transfer 3-fold, and its
concentration is the major determinant for efficient zinc
transfer. GSH has a dual function. In the absence of GSSG,
it inhibits zinc transfer from MT, indicating that MT is in a
latent state under the relatively high cellular concentrations
of GSH. In addition, it primes MT for the reaction with GSSG
by enhancing the rate of zinc transfer 10-fold and by increas-
ing the number of zinc atoms transferred to four. %Zn-
labeling experiments confirm the release of one zinc from MT
in the absence of glutathione and the more effective release of
zinc in the presence of GSH and GSSG. In vivo, MT may keep
the cellular concentrations of free zinc very low and, acting as
a temporary cellular reservoir, release zinc in a process that
is dynamically controlled by its interactions with both GSH
and GSSG. These results suggest that a change of the redox
state of the cell could serve as a driving force and signal for
zinc distribution from MT.

The possible functional implications of the zinc cluster struc-
ture of metallothionein (MT) have been the subject of much
speculation (1-3). In contrast with other zinc proteins, MT is
remarkable in that it binds zinc with high thermodynamic
stability [Kq = 1.4 X 1073 M at pH 7.0 for human MT (4)]
while exhibiting a kinetic lability that results in facile zinc
exchange reactions (5). This unusual combination appears to
be a characteristic property of the clusters and, likely, a critical
element in their hypothetical function to “[provide] zinc where
and when needed and for whatever role” (6). Thus, in MT the
protein plays a role in the biological function of zinc, a paradigm
quite different from that in most other zinc proteins where zinc
plays a role in the biological function of the protein. The tight
binding of zinc to MT raises questions of how it is released and
whether or not the release is controlled. In this regard, we have
identified glutathione disulfide (GSSG) as a cellular ligand
that reacts with MT and mobilizes zinc, resulting in the
suggestion that the zinc content of MT is linked to the redox
state of glutathione in the cell in such a manner that zinc
remains bound to MT as long as high thiol reducing power
prevails and is released once the redox balance becomes more
oxidizing (7). We here extend these findings by studying the
role of glutathione-mediated zinc release in the presence of a
zinc acceptor such as an apoenzyme. In particular, we show

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement” in
accordance with 18 U.S.C. §1734 solely to indicate this fact.

© 1998 by The National Academy of Sciences 0027-8424/98/953483-6$2.00/0
PNAS is available online at http://www.pnas.org.

3483

that only one of the seven zinc atoms is transferred from MT
to zinc-depleted sorbitol dehydrogenase (SDH; EC 1.1.1.14) in
the absence of glutathione and that zinc transfer reactions are
regulated dynamically by interactions between MT and the
reduced glutathione (GSH)/GSSG couple. Thus, zinc distri-
bution is dependent not on MT alone, but rather on a
biochemical system in which MT and glutathione interact.
Such a glutathione/MT system allows MT to serve as both a
cellular reservoir for zinc and a controlled release system that
can supply different amounts of zinc according to demand.
Biological specificity of this system seems to be embedded not
in the recognition between MT and apoproteins, but rather in
signals effecting a change of the cellular redox state and in
signals that control the availability of apoproteins.

MATERIALS AND METHODS

Materials. GSH, GSSG, NAD, pyridine-2,6-dicarboxylic
acid (dipicolinic acid), Coomassie brilliant blue G, 2-carboxy-
2'-hydroxy-5'-sulfoformazylbenzene (zincon), and carbonic
anhydrase (bovine erythrocyte) were from Sigma; sorbitol and
4-(2-pyridylazo)resorcinol (PAR) were from Aldrich; and
657ZnCl, (77.7-103.6 GBq/g) was from DuPont/NEN.

Preparation and Characterization of Human MT. Human
MT-1 and MT-2 isoforms were prepared in this laboratory
according to established procedures (8) and converted to their
apoforms and reconstituted with Zn?* to result in the respec-
tive Zn;-MT isoforms (7). Excess zinc was removed by gel
filtration through a Sephadex G-50 fine column (30 X 0.5 cm)
and the MT isoforms were characterized by metal analyses,
determinations of sulthydryl groups with dithiodipyridine, and
amino acid analyses. Loosely bound zinc in MT solutions was
assayed spectrophotometrically at 620 nm with zincon. Addi-
tion of 10 ul of 10 mM zincon to 890 ul of 10 mM Tris-HCI,
pH 8.6, identifies the existence of less than 4% of loosely bound
zinc.

Preparation and Characterization of SDH and Zinc-
Depleted SDH (apo-SDH). Sheep liver SDH was obtained as
a lyophilized powder from Boehringer Mannheim and stock
solutions were prepared by dissolving enzyme in 1 ml of 0.2 M
TrissHCl, pH 7.4. Enzyme concentrations were determined
with a Coomassie blue protein-dye binding assay with bovine
serum albumin as a standard (9).

apo-SDH was prepared in Centricon-10 centrifugal mi-
croconcentrators (Amicon), using 0.2 M sodium phosphate,
pH 7.0, containing 10 mM dipicolinic acid to remove zinc (10).
The apoform had 2.0% residual enzymatic activity compared
with the native zinc enzyme and contained 0.015 atom of zinc
per subunit. The amount of zinc in native SDH was 1 atom per
subunit, in agreement with the expected value (11).

Abbreviations: MT, metallothionein; Tris, tris(hydroxymethyl)amino-
methane; SDH, sorbitol dehydrogenase; apo-SDH, zinc-depleted
SDH; GSH, reduced glutathione; GSSG, glutathione disulfide; PAR,
4-(2-pyridylazo)resorcinol.

A commentary on this article begins on page 3333.
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Kinetic Studies of the Reconstitution of apo-SDH. Different
amounts of free zinc, MT, or carbonic anhydrase were incu-
bated with 1.7 uM apo-SDH in 0.2 M Tris'HCI, pH 7.4 at
22.5 = 0.5°C. Aliquots (10 ul) were withdrawn periodically and
assayed for enzymatic activity. The assay solution consisted of
50 mM sorbitol and 1.5 mM NAD™ in a total volume of 1 ml
of 0.2 M Tris-HCl, pH 7.4. Enzyme activity was determined
spectrophotometrically (12) by measuring the rate of absor-
bance change accompanying NAD™* reduction at 25.0 = 0.5°C.
The experimental error between assays did not exceed 5%.

Reconstitution of apo-SDH with %5Zn;-MT-2. Alquots of
reactants (molar ratio of zinc to apo-SDH of 1.0) were
incubated at 22.5 = 0.5°C for 60 min. Reaction mixtures were
then separated on a DEAE MemSep-1000 chromatography
cartridge (Millipore) using a linear, 10-min gradient from 0 to
75 mM NacCl in 10 mM Tris-HCI, pH 8.6, at a flow rate of 5
ml/min. Radioactivity in each fraction was measured by
y-emission spectroscopy with a Searle model 1185 Automatic
Gamma System operating at a 0.12- to 1.2-MeV energy range.

Kinetic Studies of the Reaction between MT-2 and PAR.
PAR (100 uM) was incubated with MT (1.3 uM) and the
reaction was followed by measuring the increase of absorbance
at 500 nm of the Zn(PAR), complex (13, 14).

RESULTS

Kinetic Studies of the Reconstitution of apo-SDH with Zinc
Ions and MT. Mammalian SDH is a tetramer of four identical
subunits with an overall molecular mass of 152 kDa and one
catalytic zinc atom per subunit (11, 15, 16). The reconstitution
of apo-SDH with free zinc ions is very fast and reaches 100%
within 3 min (Fig. 1, upper curve). Standard kinetic treatment
of the slopes of plots of [Zn-SDH]/[Zn] vs. time gives an
estimated rate constant for reconstitution of apo-SDH with
free zinc of 20,000 M~!-s~! (Table 1). In the cell, the concen-
tration of free zinc is exceptionally low (see Discussion) and,
therefore, is likely not a significant source of zinc for the
reconstitution of apoproteins.

Reconstitution of SDH with Zn-MT-1 is much slower (Fig.
1, lower curve) than with free zinc and reaches 17% after 1 hr
at equimolar concentrations of apo-SDH and zinc in MT. In
addition, a small burst of reactivation occurs with MT-1 at the
first time point of the measurements, perhaps because of the
traces of zinc in MT that can be dechelated by treatment with
zincon (17). MT-2 reactivates apo-SDH to 13% (data not
shown) and is therefore slightly less effective in transferring
zinc than is MT-1. The second-order rate constants for MT-1
and MT-2 are 24 and 16 M~1-s™! respectively (Table 1). These
slightly different rates and degrees of reactivation with MT-1
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Fic. 1. Kinetics of the reconstitution of apo-SDH with free zinc
(0) and MT-1 (m). Free zinc (1.7 uM) or MT (0.24 uM) (molar ratio
between zinc and apo-SDH of 1.0) was incubated with apo-SDH (1.7
uM) in 0.2 M TrissHCI, pH 7.4. Aliquots (10 ul) were periodically
withdrawn from this mixture and assayed for enzymatic activity.
Reactivation is expressed as the activity of native SDH recovered.
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Table 1. Rate of zinc transfer to apo-SDH

Rate constant,

Zinc donor Y
Free zinc 20,000
MT-1 24
MT-2 16
MT-1 + GSH 20
MT-1 + GSSG 79

Rate constants were obtained from plots for a second-order reac-
tion: [SDH]/[Zn] = kz[apo-SDH]ot.

and -2 are in accord with data reported for carbonic anhydrase
and rat liver MT isoforms (18).

Zinc Transfer from Carbonic Anhydrase to apo-SDH. To
determine whether zinc transfer between MT and apo-SDH is
merely controlled by the thermodynamic equilibrium between
MT and the apoenzyme, carbonic anhydrase was investigated
for its potential to transfer zinc to apo-SDH. Bovine carbonic
anhydrase binds zinc less tightly [Kg = 1 X 1072 M at pH 7.0
(19)] than human MT and, therefore, should be a better zinc
donor to apo-SDH if zinc transfer is simply controlled by the
difference in the zinc binding constants of the apoenzyme and
MT. After a 1-hr incubation of apo-SDH and carbonic anhy-
drase no significant zinc transfer is observed when there is a
7-fold molar excess of carbonic anhydrase in terms of zinc (Fig.
2, lower curve). In contrast, zinc transfer with MT is very
efficient (Fig. 2, upper curve). Therefore, zinc transfer from
MT must be under kinetic control. High kinetic lability of zinc
distinguishes MT from other zinc proteins, so that MT can
serve as an efficient source of zinc.

Reconstitution with Different Ratios of MT and apo-SDH.
SDH activity increases linearly as a function of the ratio of free
zinc (Fig. 34) or of MT-1 (Fig. 3B) to apo-SDH until its zinc
content is fully restored. The equivalence point in the titration
of apo-SDH with free zinc ions is at 1 atom of zinc per subunit
(Fig. 34). In contrast, one molecule of MT, which contains
seven zinc atoms, is needed per subunit of apo-SDH to achieve
full reactivation (Fig. 3B). Thus, under these conditions only
one of the seven zinc atoms is transferred from MT, which
explains why only 17% of the enzymatic activity is restored
when equimolar concentrations of enzyme and zinc are em-
ployed (Fig. 1).

Reconstitution of apo-SDH with MT in the Presence of
GSSG and/or GSH. GSSG is known to mobilize all seven zinc
atoms from MT at pH 8.6 (7). We therefore tested how GSSG
effects the transfer of zinc atoms at pH 7.4. Adding MT to
apo-SDH in the presence of GSSG generates activity faster
and to a greater extent than in its absence. Thus, incubation of
apo-SDH with MT-1 (equimolar zinc) for 1 hr in the presence
of GSSG leads to 31% reactivation, almost twice that achieved
without GSSG (Fig. 4). Under these conditions the second-
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F1G. 2. Kinetics of the reconstitution of apo-SDH (1.7 uM) with
1.7 uM MT-1 (m) and 11.9 uM carbonic anhydrase (00). Conditions
were as described in the legend of Fig. 1.
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FiG. 3. Reconstitution of apo-SDH with free zinc (4) and MT-1
(B). Free zinc or MT-1 was incubated with apo-SDH (1.7 uM) under
different ratios of zinc to apo-SDH monomers in 0.2 M Tris-HCI, pH
7.4, for 30 min (or 60 min for MT-1). Aliquots (10 ul) were withdrawn
from this mixture and assayed for enzymatic activity.

order rate constant increases 3-fold to 79 M~ 1s™! (Table 1),
a comparison based on the assumption that only one zinc atom
is released. In fact, however, GSSG releases more than one
metal atom. Incubating MT with GSSG for 5 hr prior to the
addition of apo-SDH results in a large burst of reactivation up
to 44% (data not shown). The reaction does not approach the
rate at which free zinc ions interact with apo-SDH, indicating
that a step other than the reconstitution of apo-SDH with free
zinc becomes rate-limiting. Most likely, this step is the release
of zinc from MT.

GSH has been shown to bind to rabbit liver CdsZn,-MT (20).
We therefore examined the reconstitution of apo-SDH with
MT-1 in the presence of GSH. In three independent experi-
ments at most a very slight inhibition of GSH on zinc transfer
was observed (Fig. 4).

Zinc transfer from MT to apo-SDH was then investigated in
the presence of both GSH and GSSG. Neither GSH nor GSSG
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F1G6.4. Kinetics of the reconstitution of apo-SDH with MT-1 in the
presence of GSSG and/or GSH. MT (0.24 uM) (molar ratio between
zinc and apo-SDH of 1.0) was incubated with apo-SDH (1.7 uM) in 0.2
M Tris-HCI, pH 7.4, in the presence of GSSG and/or GSH. m, In the
absence of GSH and GSSG; #, in the presence of 3 mM GSSG; «, in
the presence of 3 mM GSSG and 1.5 mM GSH; or 0, in the presence
of 10 uM GSH. Aliquots (10 ul) were periodically withdrawn from the
mixtures and assayed for enzymatic activity.
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Table 2. Modulation of the rate of zinc transfer from MT-2 to
apo-SDH by GSH and GSSG

Rate constant,*

[GSH], mM  [GSSG], mM  [GSH]/[GSSG] M-l
0 3 0 81
0375 3 0.125 101
0.75 3 0.25 120
1.2 3 0.4 183
15 3 0.5 204
3.0 3 1.0 187
6.0 3 2.0 203
15 0 — 30t
15 0.375 4.0 44
15 15 1.0 124
15 3.0 0.5 204

*Rate constants were calculated as described in the legend of Table 1.

TThe apparent slight activation noted here in comparison with the data
in Table 1 is likely due to small amounts of GSSG formed in the 1.5
mM GSH solution.

at the concentrations employed affects the activity of SDH in
the absence of MT. Nevertheless, GSH strongly influences the
capacity of MT-2 to reconstitute apo-SDH in the presence of
GSSG (Table 2). Thus, it further modulates the enhancement
of zinc transfer from MT to apo-SDH by GSSG (Fig. 4). At a
constant concentration of 3.0 mM GSSG, the rate and extent
of zinc transfer from MT-2 to apo-SDH increase until a plateau
is reached at the GSH concentration of 1.5 mM (Fig. 54 and
Table 2). Under these conditions, the rate constant is increased
more than 10-fold (from 16 M~!-s~! in the absence of gluta-
thione to about 200 M~!-s~! in its presence) and the amount
of zinc transferred is 5-fold greater than that in the absence of
GSH and GSSG. When the concentration of GSH was kept
constant at 1.5 mM and that of GSSG was varied, the rate and
extent of zinc transfer increased linearly with increasing con-
centrations of GSSG (Fig. 5B and Table 2) but above a
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Fi1G. 5. Dependence of the reactivation of apo-SDH on the con-
centration of GSH at a fixed concentration of 3 mM GSSG (A4) and
on the concentration of GSSG at a fixed concentration of 1.5 mM GSH
(B). MT (0.24 uM) was incubated with apo-SDH (1.7 uM) in 0.2 M
Tris'HCI, pH 7.4, for 60 min at the indicated concentrations of GSH
and GSSG. Aliquots (10 ul) were then withdrawn from the mixtures
and assayed for enzymatic activity.
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FiG. 6. Radiochromatograms of %Zn-MT-2 with apo-SDH in the
absence or presence of GSH and GSSG. MT-2 was incubated with
apo-SDH (molar ratio between zinc and apo-SDH of 1.0) for 60 min
and then the mixture was analyzed by radiochromatography. (4) In the
absence of GSH and GSSG. (B) [GSH] = 1.5 mM, [GSSG] = 3 mM.
For the determination of the number of zinc atoms transferred, the
radiochromatograms were integrated from fractions 14-17. m, MT
control; O, MT after the reaction with apo-SDH.

concentration of 3 mM GSSG a further increase was not
observed.

The measurement of zinc transfer by means of the recovery
of SDH activity determines the amount of zinc incorporated
into the active site of SDH, but only inferentially that of zinc
released from MT. Therefore, ©Zn-MT was employed to
determine zinc release and transfer to apo-SDH directly.
057Zn7,-MT-2 was incubated with apo-SDH for 1 hr (molar ratio
of zinc to apo-SDH of 1.0) in the absence of GSH and GSSG,
followed by separation of the mixture by anion-exchange
chromatography and analysis. Radioactivity in the MT-2 frac-
tions (fractions 14-17) decreases, whereas it increases in the
fractions corresponding to SDH (fractions 1-5) (Fig. 6A4).
Quantification proves that only one (1.1 = 0.1, n = 3) of the
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F1G. 7. Inhibition of zinc transfer from MT-2 by GSH. MT (1.3
uM) was incubated with PAR (100 uM) in 0.2 M Tris'HCI, pH 7.4, in
the presence of increasing amounts of GSH, and the reaction was
followed by measuring the increase of absorbance at 500 nm of the
zinc-PAR complex for 60 min. The number of zinc atoms released
from MT was calculated on the basis of the formation of Zn(PAR)
(es00 = 61,500 M~1:cm~1). Inhibition is expressed as the decrease in
the amount of zinc transferred. The dotted line is based on a simple
model with one GSH binding site and a dissociation constant of 56 uM.
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seven zinc ions is released from MT, confirming the stoichi-
ometry based on the recovery of SDH activity (Fig. 3B). In the
presence of GSH/GSSG, more than one zinc is released from
MT-2 and transferred to apo-SDH (Fig. 6B). Ata GSH/GSSG
ratio of 0.5, four of the seven zinc ions are transferred from
MT-2 to apo-SDH. Concomitantly, a new radioactive species
is formed (fractions 9-11) (Fig. 6B), whose molecular identity
is at present unknown. These ®Zn-labeling experiments pro-
vide direct evidence that the GSH/GSSG redox couple mod-
ulates zinc transfer from MT to another protein and that the
extent of zinc transferred depends on the redox ratio.

Zinc Transfer from MT to PAR in the Presence of GSH. To
determine whether GSH affects zinc transfer in another
system, the reaction of MT-2 with PAR, a chromophoric dye
with a zinc binding constant of 10126 M~! at pH 7.4 (21), was
used. GSH inhibits transfer of one zinc atom in a concentra-
tion-dependent manner, yielding 75% inhibition at a concen-
tration of 3 mM GSH (Fig. 7). We attempted to fit the data to
a simple model (dotted line) with one GSH binding site and a
dissociation constant of 56 uM, which is slightly higher than
the value of 15 uM reported for rabbit CdsZn,-MT (20). This
simple binding model is clearly unsatisfactory due to the
complex mechanism of interactions between GSH and MT.

DISCUSSION

Zinc Transfer in the Absence of Glutathione. In vitro, MT
transfers zinc to apo-SDH and fully restores enzymatic activity.
The stoichiometry of the interaction of apo-SDH with MT is
most striking (Figs. 3 and 6). One MT molecule is needed to
supply each subunit of SDH with one zinc atom, although each
MT molecule contains seven zinc atoms. Thus only one of the
zinc atoms of MT appears to be available for transfer to
apo-SDH.

It has been observed that in CdsZn,-MT the two zinc atoms
reside at defined positions in the B-domain (22) and that
metals in this domain exchange more rapidly than those in the
a-domain (5, 23). These findings suggest that the zinc atom
transferred from MT-2 to apo-SDH is from the B-domain. An
NMR study on Cd;-MT, from which one cadmium atom had
been removed from the B-domain with EDTA (24), provides
further insight into the structure of MT after one zinc atom has
been transferred. In this case, removal of one cadmium atom
allows redistribution of the remaining cadmium atoms within
the B-domain and yields equal but less than stoichiometric
occupancies of all these metal binding sites in this domain.
Though no experiments have been performed with zing, it is
conceivable that if there is an exit site for zinc in the B-domain,
the empty site will be replenished by inter- and intracluster zinc
transfer. A similar situation has been observed for the 3-metal
site of ascorbate oxidase. Crystal structure analyses of the
enzyme in which “type 2” copper had been removed revealed
that the remaining two copper ions scramble among the three
available binding sites (25).

Studies with more cellular relevance have led to a concept
which postulates that a concerted action between MT, GSH,
and GSSG is required to effect zinc transfer and that MT per
se cannot be a transfer agent in vivo in the specific sense of the
word. Although we found that the binary system MT/
apoenzyme functions in vitro, it may not apply in vivo because
MT interacts with GSH and zinc transfer from the MT/GSH
complex is inhibited.

Zinc Transfer in the Presence of Glutathione. GSSG, which
releases zinc from MT (7), accelerates the rate and dramati-
cally increases the extent of reactivation of apo-SDH by MT
(Fig. 5). Moreover, GSH stimulates the rate of zinc transfer in
the apo-SDH/MT/GSSG system, signifying control of the MT
molecule by glutathione with important implications regarding
modulation of zinc transfer by the GSH/GSSG redox couple
in vivo (see below).
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In terms of molecular mechanism, GSH and GSSG could (i)
bind to SDH and affect its activity, (if) control the amount of
free zinc available once it is released from MT, or (iii) bind to
MT and affect its conformation and zinc binding. Our data
strongly favor the last mechanism. Molecular modeling studies
suggest that GSH binds in a cleft of the B-domain and its thiol
sulfur displaces the thiol ligand of Cys-26 of the zinc atom
designated as Zn-2 in the crystal structure of MT (20). The
exposed MT thiol sulfur could then undergo thiol/disulfide
interchange with GSSG, explaining why GSH stimulates the
rate of the reaction between MT and GSSG. GSH binding
would protect MT from the loss of Zn-2, thereby inhibiting its
transfer, while providing a reactive thiol for the reaction with
GSSG and resulting in zinc transfer through a process that is
strictly proportional to and dependent on the concentration of
GSSG (Fig. 5B). This zinc distribution system seems to rely on
specific interactions between MT and glutathione and to
respond to signals that change the cellular GSH/GSSG redox
state (see below) rather than on the mutual molecular recog-
nition of MT and the apoprotein. Hence, a system consisting
of MT/GSH/GSSG provides a mechanism to control zinc
transfer among a large variety of acceptors. Thus regulation at
the protein level can now be added to the already known
extensive and intricate regulation of MT gene expression (26).
Both types of regulation support key functions of MT in
cellular zinc traffic.

MT Controls Cellular Free Zinc. The reactivation of apo-
SDH with Zn-MT occurs at a rate that is slower than that with
free zinc ions (Fig. 1). Specifically, the rate constant for zinc
transfer from MT to apo-SDH is three orders of magnitude less
than that of about 20,000 M~ !s~! estimated for apo-SDH and
free zinc ions. In the few other enzyme systems studied (27),
MT also failed to accelerate the reconstitution of the apoen-
zyme, as might have been expected if MT had insertase-like
enzymatic activity such as, e.g., ferrochelatase, the enzyme that
inserts iron into protoporphyrin IX. At best, the rate of zinc
transfer is as rapid as that of free zinc ions in the case of
apo-carbonic anhydrase (17). At first glance, such a lack of any
kinetic advantage might argue against a physiological function
of MT as a universal zinc donor for the apoforms of zinc
proteins. However, a comparison between free zinc ions and
MT as zinc donors is not appropriate, because there is very
little free zinc in the cell to serve the purpose. Intracellular zinc
concentrations are exceedingly low—i.e., <100 pM (28-30).
One of the roles of MT, therefore, seems to be to ensure that
zinc concentrations are maintained at such low levels. MT can
achieve this by binding zinc very tightly. If metals were supplied
to apoproteins in the form of free ions, zinc would compete
with other metal ions for the binding site. This is apparently not
the case, because purified zinc enzymes, at least those from
animal sources, invariably contain only zinc despite the fact
that other metal ions can bind to the same site in vitro,
sometimes even with partial or full conservation of catalytic or
other function. Thus, the choice of a particular metal ion must
be “directed by its cellular availability and mobilization pro-
cesses rather than by its chemical nature” (31) or by the
coordination environment provided by the protein. It would
seem more likely that specificity of metal incorporation is
controlled by proteins and that protein-bound zinc is the
source of zinc for apoproteins. MT can serve such a function
and can make zinc available in a controlled manner. As the
above experiments show, zinc is available from MT despite its
relatively high thermodynamic stability, and this property
distinguishes it from other zinc proteins where zinc does not
exchange on a similar time scale (5). The kinetic lability of zinc
in MT becomes strikingly apparent when compared with
carbonic anhydrase, in which zinc has a similar thermodynamic
stability but is kinetically much less capable of zinc transfer
(Fig. 2).
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Implications for Zinc Transfer in Vivo. MT keeps the
cellular concentration of free zinc remarkably low. Quite the
same it provides zinc to appropriate acceptors in reactions that
are modulated by GSH/GSSG. Most interestingly, the rate and
amount of zinc released from MT depend on the relative
concentrations of both GSH and GSSG, suggesting that zinc
distribution from MT is controlled dynamically by the cellular
GSH/GSSG state. What do these in vitro studies imply about
zinc transfer in vivo? GSH alone inhibits zinc transfer (Figs. 4
and 7). Thus, under the prevailing, reducing conditions in the
presence of almost millimolar concentrations of GSH, MT may
not transfer zinc to apoproteins in the normal cellular envi-
ronment, where the GSH/GSSG redox ratio is between 30:1
and 100:1 (32). It is noteworthy that these are steady-state
conditions under which there may not be any need for zinc in
the cell, and where the role of MT is to sequester zinc, not to
distribute it. Hence, this condition must be perturbed to
change the role of MT from that of an acceptor to that of a
donor when zinc is needed in events such as cell proliferation,
for example. We show here that this can be achieved by
lowering the GSH concentration or by changing the GSH/
GSSG redox state. The cellular concentration of GSH can vary
over almost two orders of magnitude (33). Therefore, transfer
of but one zinc atom might have physiological significance at
low concentrations of GSH and under a regime of demand for
zinc that is quite different from that at high concentrations of
GSH. It was shown earlier that high concentrations of GSSG
release zinc from MT (7), but the effect of GSH was not
examined. We demonstrate here that the presence of GSH
actually enhances the effect of GSSG. A role of both GSH and
GSSG in the process of zinc release creates conditions in vitro
that approach those in vivo. The rate of zinc transfer depends
linearly on the amount of GSSG (Fig. 5)—i.e., the more
oxidative the redox state becomes, the more efficiently zinc is
transferred to a suitable acceptor (Figs. 4-6). These observa-
tions seem to link the cellular GSH/GSSG redox state and its
control circuitry to the biochemistry of MT.

At present we do not know the precise range in which the
cellular GSH/GSSG redox state changes, the magnitude of
changes that lead to zinc distribution in vivo, where the process
takes place, and whether only some or all apoproteins receive
zinc from MT. However, it is clear that zinc transfer from MT
to other proteins actually occurs in vivo (34). It is noteworthy
that substantial deviations from the cytoplasmic GSH/GSSG
redox ratio (30:1 to 100:1) control events crucial in signal
transduction and gene transcription (35-37). This deviation
may be achieved by enzymatically generating high local con-
centrations of GSSG, or by compartmentalization of the
process. Thus, in some compartments of the cell such as the
endoplasmic reticulum the GSH/GSSG redox ratio is between
3:1 and 1:1 (32), conditions that are quite similar to those
under which we find efficient zinc transfer in vitro. The
modulation of the reaction between MT and GSSG by the
amount of GSH (Fig. 54) also occurs in the range where the
concentration of GSH changes in the cell. For example,
cellular GSH concentrations are relatively high and vary in the
range 0.1-10 mM (33). Finally, even if the concentrations of
GSSG in our experiments appear to be relatively high com-
pared with what they might be maximally in the cell, they
certainly need not be as high as 3 mM to exert an appreciable
effect (Fig. 5B). It is also important to note that we have
observed higher efficiency in zinc release with disulfides other
than GSSG (38). Thus, in the cell, a more reactive disulfide or
other compounds might assume the in vitro role of GSSG.

A discussion of a role of MT in the distribution of zinc in the
cell would not be complete without addressing its concentra-
tion relative to that of proteins to which it donates zinc. In spite
of the relatively poor antigenicity of MT, analytical data have
been obtained largely by means of antibodies against MT for
want of better analytical methods. Even these immunological
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methods are not ideal, owing to the remarkable composition
of MT and of its isoforms, all of which lack strong epitopes as
well as aromatic amino acids or any other characteristic
spectroscopic property that could be employed for the direct
analysis of the protein. Therefore, information on the amount
and distribution of the MT isoforms in different tissues
remains sparse and is documented incompletely; work in this
area is in great need of extension. Given these circumstances
it is actually a remarkable achievement that considerable
variations of the basal level of MT have been detected.
Antibody screening of a panel of over 50 tumor cell lines did
reveal a more than 400-fold difference in the concentrations of
MT isoforms (39) ranging from 0.009 to 3.839 ug/mg of protein
and including a more than 50-fold variation in the same type
of tissue. Thus far the sensitivity of immunological methods is
not high enough to detect small but perhaps significant cellular
fluctuations that could be due to physiological changes but
might also arise from the effect of inducers. Quite the same,
we have indeed detected fluctuations of MT during the cell
cycle (40). Zinc in MT reflects a significant pool of the total
amount of cellular zinc present. For example, the amount of
zinc in MT in a biosynthetic organ such as the liver represents
about 5-10% of the total zinc in this organ (41). This and the
fact that MT is responsive to dietary zinc (42) would all seem
to underscore its role in zinc distribution.
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